The nucleation process of quark matter in both cold and hot dense hadronic matter is investigated using a chiral approach to describe the quark phase. We use the Nambu-Jona-Lasinio and the Chromo Dielectric models to describe the deconfined phase and the non-linear Walecka model for the hadronic one. The effect of hyperons on the transition phase between hadronic and quark matter is studied. The consequences of the nucleation process for neutron star physics are outlined.
where the hadronic contribution is
with
where
and M * B = M B − g σB σ is the baryon effective mass. The quantity t B designates the isospin of baryon B. The mesonic contribution reads
For the lepton contribution we take
where the sum is over electrons, muons and neutrinos for matter with trapped neutrinos. In uniform matter, we get for the baryon Fermi energy ǫ F B = g ωB ω 0 + g ρB t 3B ρ 03 + k 2 F B + M * B 2 .
We will use the GM1 parametrization of NLWM due to Glendenning and Moszkowski [30, 33] . The nucleon coupling constants are fitted to the bulk properties of nuclear matter. The inclusion of hyperons involves new couplings, which can be written in terms of the nucleonic ones: g σY = x σ g σ , g ωY = x ω g ω , g ρY = x ρ g ρ . In this model it is assumed that all the hyperons in the octet have the same coupling. Measured neutron star masses can be used to restrict the possible ranges of variability of the hyperon couplings [30, 33] . In this work we will consider x σ = 0.6 and x σ = 0.7. In addition, following Ref. [30] we will take x ρ = x σ , whereas the binding energy of the Λ in symmetric nuclear matter, B Λ ,
is used to determine x ω in terms of x σ . Notice that the case with x σ = 0.6 produces stars with a larger hyperon population (for a given stellar gravitational mass) with respect to the case x σ = 0.7 [7, 33] . In addition to these two parametrizations for hyperonic matter, we will consider the case of pure nucleonic matter (hereafter called np matter). At zero temperature the equations of motion for the various fields can be derived using the Lagrangian of Eq. 
where β = 1/T , E * i = (k 2 i + M * 2 i ) 1/2 and the effective chemical potential of baryon i is given by
The sum is extended to all baryons of the baryonic octect. The equations of motion are then obtained minimizing Ω with respect to the fields σ, ω 0 and ρ 03 . The baryonic pressure and energy density are given by:
where n i is the particle number density of the baryon i and s B is the total baryonic entropy density:
The total energy density and pressure are finally obtained adding the lepton contribution to P B , ε B and s B .
B. The Nambu-Jona-Lasinio model
The three flavor NJL model [18] has been widely used by many authors to describe quark matter [20] [21] [22] [23] [24] [25] . In this paper we adopt the Lagrangian density of Ref. [28] :
In the above expression, q denotes the three flavor quark field:
is the mass matrix. The model is not renormalizable and we use a sharp cut off Λ to treat the divergent integrals. Following [28] we take: Λ = 602. 
The quark condensates <q i q i > at zero temperature are given by:
is the Fermi momentum of the quark i and n i its number density. The energy density (ε) and pressure (P ) of the system are given by
In the NJL model the bag constant is not a phenomenological input parameter, like in the MIT bag model. However, one can still define an effective bag pressure, B ef f = B 0 − B, generated dynamically with origin in the spontaneous breaking of chiral symmetry, where
and B 0 = B(n u = n d = n s = 0) is introduced to ensure zero pressure at zero density and temperature. The system of equations (16), (17) is solved numerically for a fixed value of the baryonic density ρ B = (n u +n d +n s )/3 and the pressure and energy density are then calculated from equations (18) and (19) .
At finite temperature T , the above expressions can be generalized starting from the grand canonical potential per unit volume Ω [20] :
The particle density of the quark i is given by:
while quark condensate becomes:
being f i (k) andf i (k) the quark and antiquark Fermi distribution functions, respectively:
The gap equations are derived minimizing Ω with respect to the constituent quark masses m i . The expressions obtained are identical to Eqs. (16) with the quark condensate given by Eq. (24) . The pressure and entropy density of the system are given by:
Finally the the energy density reads:
C. The Chromo Dielectric Model
The Chromo Dielectric model [19] is a confinement model that has been extensively used to study properties of single nucleons or to investigate quark matter in neutron stars [35] [36] [37] [38] [39] [40] [41] [42] and supernovae explosions [43] [44] [45] . Confinement is achieved through the introduction of a scalar-isoscalar chiral singlet field χ. The Lagrangian density of the model reads:
where ψ f represents the quark field of flavor f , U (σ, π) is a mexican-hat potential
and, for χ we consider the simplest potential
The characteristic feature of the CDM is that quark masses rescale as an inverse power of the field χ and, therefore, acquire a density dependence
In vacuum χ vanishes thus providing confinement. The coupling constants are given by g u,d = g(f π ± ξ 3 ) and g s = g(2f K − f π ), where f π = 93 MeV and f K = 113 MeV are the pion and the kaon decay constants. The other two constants ξ 3 and m σ are fixed in such a way that:
MeV and m σ = 1.2 GeV. Following Ref. [43] , for the mass M χ of the field χ and its coupling g we take M χ = 1.7 GeV and g = 23 MeV, respectively. These values lead to reasonable values for the average delta-nucleon mass and for the nucleon isoscalar radius [43] . At zero temperature the energy density in the CDM is given by:
In mean field approximation, the field π vanishes while the other two fields σ and χ are replaced by their mean values. The equations of motion are obtained by minimizing the energy density of the system. One gets:
The inclusion of temperature in the CDM has been carried out following Ref. [36] . We can start from the grand canonical potential per unit volume Ω :
where m i and µ i are the effective mass (defined in Eq. (32)) and the chemical potential of the quark i.
Minimizing Ω with respect to σ and χ, we get the correspondig equations of motion at T = 0.
The particle densities of the three quarks are given by Eq. (23) and the pressure and energy density can be calculated using Eqs. (27) and (28) .
III. PHASE EQUILIBRIUM
In the region of high density (high baryon chemical potential) and low temperature (which is the one relevant for neutron star physics) many QCD-inspired models suggest the deconfinement transition to be a first-order phase transition [48, 49] ). Under this assumpion the conditions for phase equilibrium are thus given by the Gibbs phase rule
are the Gibbs energies per baryon (average chemical potentials) for the hadron (H) and quark (Q) phase respectively,
and n H (n Q ) denote respectively the total (i.e., including leptonic contributions) energy density, total pressure, total entropy density, and baryon number density of the two phases. The pressure P 0 defines the transition point. For pressures above P 0 the hadronic phase is metastable, and the stable quark phase will appear as a result of a nucleation process. Small localized fluctuations in the state variables of the metastable hadronic phase will give rise to virtual drops of the stable quark phase. These fluctuation are characterized by a time scale ν −1 0 ∼ 10 −23 s set by the strong interaction that is responsible for the deconfinement phase transition. This time scale is many orders of magnitude smaller than the typical time scale set by weak interactions, therefore, quark flavor must be conserved during the deconfinement transition. We will refer to this form of deconfined quark matter, in which the flavor content is equal to that of the β-stable hadronic system at the same pressure and temperature, as the Q * phase. Soon afterward a critical size drop of quark matter is formed, the weak interactions will have enough time to act, changing the quark flavor fraction of the deconfined droplet to lower its energy, and a droplet of β-stable quark matter is formed (hereafter the Q phase).
This first seed of quark matter will trigger the conversion [50] [51] [52] of the pure hadronic star to a quark star (hybrid star or strange star). Thus, pure hadronic stars with values of the central pressure larger than P 0 are metastable to the decay (conversion) to hybrid stars or to strange stars [1] [2] [3] [4] [5] [6] [7] [8] . The mean lifetime of the metastable stellar configuration is related to the time needed to nucleate the first drop of quark matter in the stellar center and depends dramatically on the value of the stellar central pressure [1] [2] [3] [4] [5] [6] [7] [8] and central temperature [14, 15] .
In order to explore the astrophysical implications of quark matter nucleation, following Ref. [1] [2] [3] , we introduce the concept of critical mass M cr for the hadronic star sequence.
In the case of cold and deleptonized stars, M cr can be defined as the value of the gravitational mass of the metastable hadronic star for which the nucleation time τ takes a "reasonable small" value in comparison with typical ages of young pulsars as, e.g. the Crab pulsar. Thus, according to Ref. [1] [2] [3] we take M cr (T = 0) ≡ M (τ = 1 yr, T = 0). It is worth recalling that the nucleation time is an extremely steep function of the hadronic star mass [1] [2] [3] , therefore the exact value of τ chosen in the definition of M cr (T = 0) is not crucial. We have verified that changing τ from 1 yr to 10 3 s modifies M cr (T = 0) by ∼ 0.02%. In the case of newly formed compact stars, the characteristic evolutionary time-scale is the proto-hadronic star cooling time t cool , i.e. the time it takes the new born star to reach a cold and deleptonized configuration. The cooling time has been evaluated to be [32] t cool ∼ a few 10 2 s. Thus, according to Ref. [14, 15] , we consider isoentropic stellar configurations (with an entropy per baryonS in the range 1 -2 k B ) and define the critical mass for proto-hadronic stars as M cr (S) ≡ M (τ = 10 3 s,S = const). Notice that pure hadronic stars with M HS > M cr are very unlikely to be observed, while pure hadronic stars with M HS < M cr are safe with respect to a sudden transition to quark matter. Thus M cr plays the role of an effective maximum mass for the hadronic branch of compact stars (see discussion in Ref. [3] ). While the Oppenheimer-Volkov maximum mass is determined by the overall stiffness of the equation of state for hadronic matter, the value of M cr will depend in addition on the properties of the intermediate non β-stable Q * phase.
IV. QUARK MATTER NUCLEATION RATES
The nucleation process of quark matter in hadronic stars can take place during different stages of their evolution [15] . This is due to the fact that nucleation can proceed both via thermal activation or quantum tunnelling (at zero or finite temperature). The core of a newborn neutron star reaches temperatures of 10 − 40 MeV [31, 32] and, consequently, this era is dominated by the thermal nucleation regime; on the other hand a cold deleptonized neutron star can nucleate quark matter only via quantum tunnelling because the thermal nucleation time diverges in the limit of zero temperature (see [14, 15] and the following discussion).
The energy barrier, which represents the difference in the free energy of the system with and without a Q * -matter droplet, can be written as
where R is the radius of the droplet (supposed to be spherical), and σ is the surface tension for the surface separating the hadronic phase from the Q * phase. The energy barrier has a maximum at the critical radius R c = 2σ/[n Q * (µ H − µ Q * )]. Notice that we have neglected the term associated with the curvature energy, and also the terms connected with the electrostatic energy, since they are known to introduce only small corrections [3, 53] . The value of the surface tension σ for the interface separating the quark and hadronic phase is poorly known, and the values typically used in the literature range within 10 − 50 MeV fm −2 [53] [54] [55] . In the following, we assume σ to be temperature independent and we take σ = 30 MeV fm −2 . The quantum nucleation time τ q (at zero and finite temperature) can be straightforwardly evaluated within a semi-classical approach [53, 55, 56] . First one computes, in the Wentzel-Kramers-Brillouin (WKB) approximation, the ground state energy E 0 and the oscillation frequency ν 0 of the drop in the potential well U (R, T ). Then, the probability of tunnelling is given by
where A(E) is the action under the potential barrier, which in a relativistic framework reads
being R ± the classical turning points and m(R) the droplet effective mass. The quantum nucleation time is then equal to
with N c ∼ 10 48 being the number of nucleation centers expected in the innermost part (r ≤ R nuc ∼ 100 m) of the hadronic star, where pressure and temperature can be considered constant and equal to their central values.
The thermal nucleation rate can be written [57] as
where the statistical prefactor (see Ref. [58] ), is given by:
ξ Q is the quark correlation length, which gives a measure of the thickness of the interface layer between the two phases (the droplet "surface thickness"). In the present calculation we take ξ Q = 0.7 fm according to the estimate given in Refs. [58, 59] . For the dynamical prefactor we have used a general expression which has been derived by Venugopalan and Vischer [60] (see also Refs. [58, 61] )
where ∆w = w Q * − w H is the difference between the enthalpy density of the two phases, λ is the thermal conductivity, and η and ζ are, respectively, the shear and bulk viscosities of hadronic matter. According to the results of Ref. [62] , the dominant contribution to the prefactor κ comes from the shear viscosity η. Therefore, we take λ and ζ equal to zero, and we use for the shear viscosity the following relation [62] :
with n 0 = 0.16 fm −3 being the saturation density of normal nuclear matter. The thermal nucleation time τ th , relative to the innermost stellar region (V nuc = (4π/3)R 3 nuc ) where almost constant pressure and temperature occur, can thus be written as τ th = (V nuc I) −1 .
V. RESULTS AND DISCUSSION
In Fig. 1 we show the Gibbs energy per baryon for the β-stable hadronic phase (continuous lines) and the Q * -phase (dashed lines) as a function of the pressure for various parametrizations of the hadronic equation of state and the two models, NJL (left panel) and CDM (right panel), used to describe the deconfined phase. Above the phase equilibrium pressure P 0 the β-stable hadron phase is metastable, and the formation of the stable (with respect to the strong interactions) Q*-phase will occur via a nucleation process. An interesting difference exists between the NJL and the Chromo Dielectric model: starting with a hadronic phase made of β-stable nucleonic matter (continuous line labeled np) and next including hyperons with an increasing concentration (continuous lines labeled respectively x σ = 0.7, and x σ = 0.6), the transition point P 0 moves to lower values in the CDM, whereas in the NJL model the opposite behaviour is observed. This ultimately can be traced back to the different numerical values and density (pressure) dependence of the dynamical strange quark mass in the two models. To elucidate this connection, we plot in Fig. 2 the masses (upper panels) and chemical potentials (lower panels) of the u, d and s quarks in the non-β-stable Q * -phase as function of the pressure for both models and for two different parametrizations of the hadronic phase (x σ = 0.6, and 0.7). Here we note that the strange quark mass and chemical potential are much larger in the NJL model than in the CDM one in all range of the pressure explored, and particularly at the phase transition pressure P 0 .
It is important to note that a) at P =0 the density of quarks u and d is not zero, ρ d ∼ 2ρ u . Therefore the chemical potential is larger than the effective mass and it is larger for the d quarks; b) for P < 20-30 MeV fm Comparing with the NJL model, the big difference is the much larger effective mass the s-quark has in NJL: the onset of the s-quark occurs at the same pressure (set by the hyperon threshold in the β-stable hadronic phase) but the mass is much larger.
In order to explain the different behaviour of the two chiral approaches, we observe that there are two opposite effects that define the phase transition: a smaller x σ gives rise to a larger strangeness fraction in the hadronic phase and, therefore, to a softer hadronic EOS, shifting possible deconfinement transition point to larger densities in β-stable matter. On the other hand, the Q * phase has the same strangeness content of the hadronic one: in the CDM model all quark masses are similar and a more symmetric uds quark matter is energetically favoured, while in the NJL model the s quark mass is much larger and a larger ud quark fraction is favoured. This is confirmed comparing the quark chemical potential in both models. One can see that in the NJL model an increase of the hyperonic content of the hadronic phase gives rise just to a small decrease of the strange quark chemical potential, much smaller than the one occuring in the CDM model.
It is also useful to analyse the effective bag pressure B ef f for NJL and CDM models as a function of the pressure (Fig. 3) . The value of B ef f at the transition pressure P 0 is denoted with a filled circle. Coherently with the previous discussion, it is seen that for the NJL model the larger the hyperon content in the β-stable hadronic phase the larger is the value of B ef f at the transition point. The opposite behaviour occurs for the CDM model. This is easly understood considering what happens in the MIT bag model for different values of the bag constant B. In this case B ef f is a constant and the discussion carried out in this framework is more transparent. In Fig. 4 the Gibbs energy per baryon for Q * (thin lines) and hadronic (thick lines) matter is plotted for x σ = 0.6 and 0.7 and three values of the bag pressure B. Some conclusions are immediate: i) the larger the bag value the larger the Gibbs energy per baryon for the Q* phase therefore the transition is disfavoured, ii) the smaller the x σ value the smaller is the Gibbs energy per baryon both in the hadronic and in the Q * phase, iii) the last effect is much larger in the Q * phase for the smaller pressures, but becomes of the same order of magnitude in both phases for B > 150 MeV fm −3 . Taking together effect i) and iii) and observing the very different value of B ef f (P 0 ) in the two chiral approaches considered, we deduce that in the NJL model the phase transition is disfavoured for the smaller value of x σ while the opposite occurs for the CDM model.
The phase equilibrium curve P 0 (T ) between the hadron and Q * phases is shown in Fig. 5 in the case of the NJL model (left panel) or the CDM (right panel) to describe the deconfined phase. For the hadron phase we take x σ = 0.7 in both cases. The region of the P 0 -T plane above each curve represents the deconfined Q*-phase. We have checked that in the CDM, the phase separation line moves downwards (upwards) if an hadronic EOS with a larger (smaller) strangeness content is used, e.g., x σ = 0.6 (np matter). Using the NJL model the opposite occurs due to the reasons discussed above for the case of zero temperature phase transition. Now we can proceed to analyse the effects of quark matter nucleation process in the core of neutron stars. We first consider quark matter nucleation in cold β-stable hadronic matter that is the typical situation in the core of a neutron star a few minutes after its birth. At this point of our discussion, we assume that quark matter nucleation has not occured during the proto-neutron star stage (see below).
In Fig. 6 we show the gravitational mass versus central pressure for different compact star models. Hadronic star sequences are calculated using the GM1 parametrization for pure nucleonic matter (black curve), hyperonic matter with x σ = 0.7 (blue curve) and x σ = 0.6 (red curve). The quark star (QS) sequence is represented by the green curve. For the quark models cosidered in this paper, all QS sequences are made of hybrid stars (YS). Results in the left (right) panel are relative to the NJL (CDM) model for the quark phase. The configuration marked with an asterisk represents, in all cases, the hadronic star for which the central pressure is equal to P 0 and thus the quark matter nucleation time is τ = ∞. The critical mass configuration is denoted by a full circle. The stellar conversion process [1] [2] [3] of the critical mass configuration into a final quark star with the same stellar baryonic mass (filled square) is denoted by the dashed line connecting the the circle to the square. Notice that in most of the cases reported in the figure the quark matter nucleation process will lead to the formation of a black hole (for these cases we do not plot in Fig. 6 the coresponding YS sequence) . In particular, within the present values for the EOS parameters the formation of quark stars is not possible modeling the quark phase with the NJL model.
We next consider the case of new born hadronic stars (proto-hadronic stars, PHSs). In this case the quark deconfinement phase transition is likely triggered by a thermal nucleation process and it will occur in those PHSs with a gravitational mass M > M cr (S) [14, 15] . Here we consider the case of neutrino free matter, since it has been shown [15] that neutrino trapping does not alter substantially the outcomes of the PHS evolution.
The evolution of a PHS within this scenario is delineated in Fig. 7 , where we plot the appropriate stellar equilibrium sequences in the gravitational-baryonic mass plane obtained from the CDM for the quark phase and the GM1 model in the case of hyperonic matter with x σ = 0.6 (left panel), and x σ = 0.7 (right panel). In particular, we plot the PHS sequence, i.e. isoentropic hadronic stars (S = 2 k B ) and neutrino-free matter (upper line), and the cold hadronic star (HS) sequence (dashed line). The asterisk and the full circle on these lines identify respectively the stellar configuration with τ = ∞ and the critical mass configuration. We denote as M In Fig. 8 we plot the PHS, cold HS, and cold YS sequences in the gravitational-baryonic mass plane for the case of the NJL model for the quark phase and the GM1 model in the case of pure nucleonic matter (right panel) or hyperonic matter with x σ = 0.7 (left panel). It is clearly seen that in the case of the NJL model it is almost impossible to populate the YS branch. Cold quark stars can be formed in the case of x σ = 0.7 (left panel) for a very narrow range of baryonic stellar masses 2.20
Finally, in tables I and II we report the values of the gravitational and baryonic critical mass for the PHS and HS sequences for the two adoped quark matter models. As it has been found in previous works [14, 15] , thermal effects reduce the values of the critical mass and increase the portion of the quark star branch that can populated via the stellar conversion process [1, 2, 52] . Notice that the maximum mass configuration of the YS sequence is insensitive, in the case of the CDM, to the value of the hyperon coupling x σ , since in this case the threshold density for quark deconfinement is much lower than the density for the onset of hyperons.
VI. CONCLUSION
In this paper we have studied the nucleation of quark matter in both hot and cold β-stable hadronic matter using two different models with chiral symmetry to describe the quark phase: the Nambu-Jona-Lasinio model and the Chromo Dielectric model. For the hadronic phase we chose the GM1 parametrization of the non-linear Walecka model and we have considered pure nucleonic matter as well as hyperonic matter with a large hyperon fraction (x σ =0.6), and a small hyperon fraction (x σ = 0.7).
The nucleation process forms a short-lived transitory phase (Q * phase) which has the same flavor content of the initial β-stable hadronic phase. This particular circumstance, together with the different pressure (density) dependence of the strange quark effective mass in the two employed quark matter models produces considerable differences on the bulk properties of the phase transition and on neutron star composition and early evolution. More precisely, we found that for the NJL model the presence of hyperons disfavour the phase transition pushing the transition point to very high densities while with the CDM the opposite behaviour has been observed. In addition, we found that in the case of the NJL model it is almost impossible to populate the quark star branch and that quark matter nucleation will lead to the formation of a black hole. Thus within the NJL model for the quark phase, all compact stars are pure hadronic stars. In the case of the CDM, thermal effects reduce the value of the critical mass, and both hadronic and quark star configurations can be formed as a result of the evolution of proto-hadronic stars, depending on the value of the stellar baryonic mass. A very recent measurement [63] of the mass of the pulsar PSR J1614-2230 makes it the most massive neutron star known to date with a mass M = (1.97 ± 0.04) M ⊙ . Within the EOS models employed in the present work, the compact star in PSR J1614-2230 could only be a pure HS (in the case the quark phase is described by the NJL model, Fig. 8 
